Mutational profiling, usually by targeted next-generation sequencing, is increasingly performed on patients with myeloproliferative neoplasm-associated myelofibrosis (MF), whether primary (PMF) or post-polycythemia vera/essential thrombocythemia (post-PV/ET MF). "Driver" mutations in JAK2, MPL and indels in CALR underlie the vast majority of cases of PMF and post-ET MF; the remainder (≈ 10%) lack identifiable driver mutations, but other clonal markers are usually detectable. Nearly all patients with post-PV MF carry activating JAK2 mutations. In both PMF and post-ET MF, type 1/-like CALR mutations confer a favorable prognosis. Since both type 1/-like and type 2/-like CALR mutations have essentially the same functional consequence, this is a subject of intense research. Additional, "non-driver" mutations, mostly affecting genes encoding epigenetic modifiers or spliceosome components, e.g., ASXL1, EZH2, TET2, DNMT3A, SRSF2 and U2AF1, are frequently found; some of these are associated with inferior survival and have been incorporated into prognostic models. Some mutations, e.g., IDH1/2, are relatively infrequent in chronic phase but are substantially more common in blast phase, and are now therapeutically targetable. While mutational information does not currently influence choice of drug therapy in chronic-phase MF, the presence of a "high molecular risk" genotype is now routinely taken into account for transplant decision-making.
Introduction
The discovery in 2005 of the activating V617F mutation in the tyrosine kinase Janus kinase 2 (JAK2), integral to downstream signaling upon cell surface receptor binding by a multitude of growth factors and cytokines, ushered in the molecular era in myeloproliferative neoplasm (MPN) research [1] [2] [3] [4] . The discovery of activating mutations in MPL, the thrombopoietin receptor, in a small proportion of patients with essential thrombocythemia (ET) and primary myelofibrosis (PMF) followed in 2006 [5, 6] . The molecular driver underlying most cases of JAK2/MPL-wild type (WT) classic MPN remained elusive until insertions and deletions in exon 9 of the endoplasmic reticulum (ER) chaperone calreticulin (CALR) that activate the JAK-signal transducer and activator of transcription (STAT) pathway were discovered in 2013 [7, 8] . Thus today, only 10-15% of cases of ET and PMF, the so-called "triple negative" cases, lack a clearly identified molecular driver, although non-canonical JAK2 and MPL mutations have been described in some of these cases [9, 10] . Polycythemia vera (PV) is virtually exclusively a JAK2-driven disease [3] , with ≈ 95% of cases harboring JAK2 V617F and another ≈ 4% bearing activating mutations in exon 12 of the JAK2 gene [11] ; thus, nearly all cases of post-PV MF are JAK2 mutated. Loss of function mutations in LNK, a negative regulator of JAK2, may explain some of the rare cases of JAK2-WT PV [12, 13] . Importantly, integrated genomic profiling approaches have shown universal activation of the JAK-STAT pathway in patients with MPNs [14] and, indeed, the JAK1/2 inhibitor ruxolitinib is effective in patients with MF regardless of driver mutation status [15, 16] .
Mutations in a number of other genes, the vast majority involved in epigenetic modification of chromatin or in RNA Progress in elucidation of molecular pathophysiology and its application to therapeutic decisions of MPNs splicing, have been found in patients with MPNs, particularly those with PMF [17] . In a recent study of 2035 patients with MPN (1321 with ET), mutations in JAK2, MPL and CALR were the sole abnormality in only 45% of patients [17] . The presence of one or more of these can be very helpful in diagnosing a MPN by providing evidence of clonality in triple-negative cases of ET or PMF [18] . In 2013, Vannucchi and colleagues reported a set of 5 "high molecular risk" (HMR) mutations (ASXL1, EZH2, SRSF2, IDH1/2) in patients with PMF, the presence of which correlated with worse outcomes [19] . Work by Tefferi et al. [20] has led to the recognition of U2AF1 Q157 mutations as an additional "non-driver" mutation with adverse prognostic impact in PMF. On a disease pathogenesis level, there is evidence that the order of acquisition of certain non-driver and driver mutations influences disease phenotype [21, 22] .
Driver mutations

Biology
Among patients with PMF as well as post-ET MF, JAK2 V617F is detected in 50-60% of cases, CALR exon 9 indels in another 20-30%, and MPL W515L/K mutations in 5-10%. As alluded to above, virtually all cases of post-PV MF carry JAK2 mutations. The canonical V617F mutation in exon 14 affects the pseudokinase domain of JAK2, relieving its autoinhibitory action on the kinase domain, leading to constitutive activation of the latter [23] . JAK2 is critical for normal hematopoiesis in that the receptors for erythropoietin, interleukin-3, granulocyte/macrophage colony stimulating factor and thrombopoietin all signal via JAK2 through their cell surface receptors [24, 25] . Importantly, a JAK2 V617F knock-in mouse model resembles human PV and the MPN is serially transplantable, with the hematopoietic stem cell (HSC) compartment (but not the myeloid progenitor cells) capable of initiating disease [26] . Germline variants in JAK2, the best known being the 46/1 (GGCC) haplotype [27] , and other genes can predispose individuals to acquire JAK2 V617F and develop JAK2 V617F clonal hematopoiesis or a frank MPN [28, 29] . Among JAK2-mutated patients with PMF, those with a lower JAK2 V617F allele burden may have a more myelodepletive than myeloproliferative phenotype and have been shown to have poorer survival [30, 31] . Interestingly, a JAK2 V617F allele burden ≥ 50%, which has been associated with favorable survival [32] , has also been reported to predict for greater responsiveness to ruxolitinib among patients with MF and splenomegaly requiring therapy [33] .
Mice retrovirally transduced with MPL W515L develop a transplantable ET-like disorder with marked thrombocytosis and leukocytosis, splenomegaly and extramedullary hematopoiesis and minimal effect on reticulocytes; progressive reticulin fibrosis in the bone marrow develops over time [5] . More recent work shows that MPL activation by thrombopoietin or a thrombopoietin receptor agonist directly induces fibrocyte differentiation to cause bone marrow fibrosis [34] . Both the type 1 (52 base pair deletion) and type 2 (5 base pair insertion) mutations in exon 9 of CALR result in an altered C-terminus (loss of negative charge) of the protein with impaired Ca 2+ binding and loss of the "KDEL" ER retention motif [7, 8] . Like in the case of mutant JAK2 and MPL, expression of mutant CALR alone is sufficient to engender MPN in mice [35, 36] . Mutant calreticulin must bind to the extracellular domain of MPL (N-glycosylation of MPL is required) to activate the JAK-STAT pathway and transform hematopoietic cells, and its positively charged C-terminus is required for this interaction [35] [36] [37] [38] .
Clinical and prognostic features
In general, patients with CALR-mutated PMF are younger, have higher platelet counts and are less likely to be anemic, thrombocytopenic, require transfusions or display leukocytosis [39] . They also have a lower risk of developing these latter disease features compared to their JAK2/MPL-mutated or triple-negative counterparts [40] . Like in ET [41] , CALR mutations are also associated with a lower risk of thrombosis compared with JAK2 V617F in patients with PMF; in fact, the clotting risk appears largely confined to the JAK2-mutated population [42] . Overall, studies have not shown any meaningful or consistent differences in clinical phenotype or outcomes between JAK2-and MPL-mutated PMF [43] .
Early studies all confirmed that patients with CALRmutated PMF enjoyed superior overall survival (OS) and leukemia-free survival (LFS) compared to those with JAK2 or MPL mutations and triple-negative patients, with the latter faring the worst [39, 40, 44] . In an Italian study of 617 patients with PMF, median survival was 17.7 years among CALR-mutant, 9.2 years among JAK2-mutant, 9.1 years among MPL-mutant, and 3.2 years among triple-negative patients [40] . It has since become apparent, however, that the survival advantage of CALR mutations in PMF is restricted to patients who carry the more common type 1/-like mutations [45] [46] [47] . Why this may be is poorly understood, given that both type 1/-like and type 2/-like CALR mutations have essentially the same functional consequence. Among 709 patients with PMF seen at the Mayo Clinic, survival was longer with type 1/-like CALR, compared to JAK2, type 2/-like CALR, MPL, and triple-negative driver mutation status, observations that were validated in a cohort of 386 Italian patients [48] . In post-ET MF, also, CALR mutations appear to exert a favorable prognostic impact, although differences between type 1/-like and type 2/-like were not apparent in the large myelofibrosis secondary to PV and ET (MYSEC) study [49] . In another, smaller, Italian series, 1 3
triple negativity was associated with significantly shortened survival in post-ET MF [50] .
Non-driver mutations
Targeted Sanger sequencing (10 genes, including JAK2 and MPL) performed on a cohort of 483 European patients at diagnosis of PMF revealed the following mutational frequencies: ASXL1 (21.7%), TET2 (9.7%), SRSF2 (8.5%), DNMT3A (5.7%), MPL (5.2%), EZH2 (5.1%), CBL (4.4%) and IDH1/2 (2.6%) [19] . Of these, mutations in ASXL1, EZH2 and SRSF2 inter-independently predicted worse survival, while ASXL1, SRSF2, IDH1 and IDH2 mutations were independently associated with leukemic transformation. Accordingly, the authors designated mutations in these 5 genes as HMR mutations, having ≥ 1 of which was independently associated with inferior OS and LFS. The presence of ≥ 2 HMR mutations was subsequently shown to be associated with a particularly dismal outcome (median OS, 2.6 years vs. 7 years for 1 mutation vs. 12.3 years for none) [51] . Two or more HMR mutations were also associated with inferior LFS. These findings were, in large part, validated in cohorts of patients from the Mayo Clinic, who underwent sequencing at the time of referral. In a later study (n = 182) from the Mayo Clinic that used a next-generation sequencing (NGS) panel of 27 genes, 81% of patients were found to have mutations/variants in genes other than JAK2, MPL or CALR [52] . The most frequent alterations were in ASXL1 (36%), TET2 (18%), SRSF2 (18%) and U2AF1 (16%). Based on multivariate analysis of impact on OS and LFS, mutations/ variants in ASXL1, SRSF2, CBL, KIT, RUNX1, SH2B3 and CEBPA were designated as being adverse. Median OS times in patients with 0, 1 or 2, and ≥ 3 adverse mutations/variants were 8.5, 4 and 0.7 years, respectively.
Prognostic models
Prognostication of patients with PMF in the modern era really began with the publication of the International Prognostic Scoring System (IPSS) in 2009 [53] , followed by the Dynamic IPSS (DIPSS) in 2010 [54] ; these risk scoring systems rely on readily available clinical variables alone. The DIPPS-plus, published in 2011, additionally incorporated karyotype, platelet count and RBC transfusion need [55] . Of interest, in the study that led to the characterization of the HMR mutations discussed above, only ASXL1 mutations provided additional prognostic information in the context of the IPSS/DIPSS-plus [19] . A molecular prognostic model constructed just based on the mutational status of 2 genes found that survival was longest in CALR-mutated/ASXL1 WT patients (median, 10.4 years) and shortest in CALR WT/ASXL1 mutated patients (median, 2.3 years), with patients with both or neither mutations having an intermediate survival (median, 5.8 years) [56] . Importantly, CALR/ ASXL1 mutational status was able to sub-divide both lower and higher risk DIPSS-plus categories of patients into sub-categories with significantly different survival. More recently, a number of prognostic models have emerged that incorporate mutational information and one that exclusively relies on genomic information: these are discussed below.
MIPSS70, MIPSS70-plus and MIPSS70-plus version 2.0
Developed as risk stratification scoring systems for transplant-eligible patients (i.e., aged ≤ 70 years) with PMF, the MIPSS70 (mutation enhanced International Prognostic Scoring System 70) and the MIPSS70-plus models were derived from the study of 805 patients with PMF up to the age of 70 recruited from multiple Italian centers and the Mayo Clinic and divided into independent learning and validation cohorts [57] . The MIPSS70 includes the following risk factors found to be significant on multivariate analysis for OS: hemoglobin < 10 g/dL (1 point), WBCs > 25 × 10 9 /L (2 points), platelets < 100 × 10 9 /L (2 points), circulating blasts ≥ 2% (1 point), bone marrow fibrosis grade ≥ 2 (1 point), presence of constitutional symptoms (1 point), absence of type 1/-like CALR mutation (1 point), presence of ≥ 1 HMR (ASXL1, EZH2, SRSF2, IDH1/2) mutation (1 point) and presence of ≥ 2 HMR mutations (2 points), and delineates 3 risk categories ( Table 1 ). The MIPSS70-plus is similar, but additionally incorporates unfavorable karyotype (3 points) and assigns 2 points (instead of 1) to absence of type 1/-like CALR mutation but leaves out the leukocyte and platelet counts, as well as the grade of bone marrow fibrosis, and results in four prognostically distinct categories ( Table 2) . Unfavorable karyotype here refers to complex karyotype or sole or two abnormalities that include +8, -7/7q-, -5/5q-, 12p-, i(17q), inv(3) or 11q23 rearrangement [58] .
Recognition of "very high risk" (VHR) karyotypes (Table 3 ) [59] , the poor prognosis associated with U2AF1 Q157 mutations [20] and the prognostic impact of severity of anemia in the context of patient sex [60] led to further refinement of the MIPSS70-plus to create the MIPSS70-plus version 2.0 [61] . This model was derived using the 311 Mayo Clinic PMF patients 70 years or younger, data on whom was used to inform the development of the MIPSS70 and MIPSS70-plus models. Severe anemia was defined as hemoglobin < 8 g/dL in a woman and < 9 g/dL in a man; moderate anemia was defined as hemoglobin of 8-9.9 g/dL and 9-10.9 g/dL, respectively. Hazard ratio (for death)-weighted points were allocated to VHR karyotype (4 points), unfavorable karyotype (3 points), ≥ 2 HMR mutations (3 points), 1 HMR mutation (2 points), absence of type 1/-like CALR mutation (2 points), presence of constitutional symptoms (2 points), severe anemia (2 points), moderate anemia (1 point) and ≥ 2% circulating blasts (1 point), resulting in a 5-tiered MIPSS70-plus version 2.0 model (Table 4 ).
GIPSS
The Genetically Inspired Prognostic Scoring System (GIPSS) was the result of another Mayo Clinic-Italian collaborative project that aimed to generate a prognostic model based entirely on genetic markers [62] . Derived from cytogenetic and molecular data on 641 patients with PMF, the only risk factors considered in this four-tiered model ( Table 5 ) are VHR (2 points) and unfavorable karyotypes (1 point), absence of type 1/-like CALR mutation (1 point), and presence of ASXL1, SRSF2 or U2AF1 Q157 mutations (1 point). The authors found the GIPSS to be non-inferior to the MIPSS70-plus and the DIPSS in terms of ability to discriminate and accuracy of prediction using standard statistical tools such as the Akaike information criterion and area under the curve. Of interest, investigators at the Moffitt Cancer Center have shown that the GIPSS outperforms the DIPSS in patients in whom the 2 models disagree [63] . Furthermore, they demonstrated that the GIPSS performs equally well in patients with PMF and post-PV/ET MF.
MYSEC-PM
Several groups have shown that prognostic models designed for PMF do not work well in risk stratifying patients with post-PV/ET MF [64, 65] . points allocated for all the other risk factors on a nomogram to quickly find the prognostic category for a given patient. The MYSEC-PM has been independently validated, but the heavy reliance on age could be a shortcoming of this model [68] .
Therapeutic implications
From a management standpoint, the main utility of all the prognostic information and models presented above is to help determine which patients to refer for allogeneic hematopoietic cell transplantation (allo-HCT). As a general rule, national and international guidelines recommend this approach for patients whose predicted (i.e., median for their prognostic category) survival is < 5 years [69, 70] . [55, 58] , are triple negative or have an ASXL1 mutation [71] . While the MIPSS70-plus version 2.0 has been shown to predict survival after reduced intensity conditioning (RIC) allo-HCT using fludarabine/melphalan in a single-institution retrospective study of 110 patients with PMF or post-PV/ ET MF [72] , the myelofibrosis transplant scoring system (MTSS) was developed with the specific aim of predicting outcomes after allo-HCT using pre-transplant variables, using a training cohort of 205 patients with PMF or post-PV/ET MF and an external validation cohort (n = 156) [73] . Multivariate analysis identified age ≥ 57 years (1 point), Karnofsky performance status < 90% (1 point), platelets < 150 × 10 9 /L (1 point), WBCs > 25 × 10 9 /L (1 point), HLA-mismatched unrelated donor (2 points), ASXL1 mutation (1 point) and non-CALR/MPL driver mutation genotype (2 points) as adverse factors for survival post-transplant ( Table 6 ). Comparison of concordance indices across prognostic models for PMF (i.e., DIPSS, DIPSS-plus, MIPSS70, MIPSS70-plus version 2.0 and GPSS) indicated better performance of the MTSS in discriminating between prognostic categories for patients undergoing allo-HCT. The same was true of the MTSS versus the MYSEC-PM for post-PV/ET patients. Interestingly, the MTSS also accurately predicted 5-year non-relapse mortality.
At present, mutational information does not inform standard medical management of patients with MF with JAK inhibitors. However, mutational profiling of 95 patients with MF enrolled on the phase 1/2 trial of ruxolitinib at the MD Anderson Cancer Center has revealed some interesting insights. Using a 28-gene myeloid mutation (next-generation sequencing) panel, it was shown that patients with ≥ 1 mutations in ASXL1, EZH2, IDH1 and IDH2 and those with ≥ 3 mutations of any type were significantly less likely to have a spleen response and had significantly shorter OS than those with no ASXL1/EZH2/IDH1/2 mutations and those with ≤ 2 mutations [74] . Patients with ≥ 3 mutations also had a significantly shorter time to treatment discontinuation. Genes involved in RNA splicing were not interrogated by this panel. Our group subsequently looked at the 86 patients on this study who had discontinued ruxolitinib after a median follow-up of 79 months [75] . Thirty of these patients died while on therapy; among the remaining 56 patients (median follow-up 32 months), median OS was 14 months. Of 62 patients with paired (baseline and follow-up) molecular data available, 22 (35%) exhibited evidence of clonal evolution (ASXL1 in 14 (61%) cases); median OS after discontinuation for those with clonal evolution on ruxolitinib was significantly worse (6 months) compared to those without (16 months).
Mutational landscape of blast-phase MPN
Genomic and functional analyses of post-MPN acute myeloid leukemia (AML) samples [76] have unveiled a mutational profile that is quite distinct from that of de novo AML [77] as well as that of AML arising from myelodysplastic syndromes [78] . The JAK2 V617F mutation is often no longer detected upon leukemic transformation of JAK2 V617F -driven MPNs [79] . This suggests that the chronic and blast phases of the disease could be phylogenetically related, having arisen from a shared founder clone, or clonally unrelated, reflecting the transformation of independent HSCs [80] . Mutations in IDH1/2 and TP53, uncommon in chronic-phase MPNs, are substantially more frequent in blast phase [81, 82] . Given the success of enasidenib [83] and ivosidenib [84] in patients with relapsed/refractory IDH-mutated AML and high response rate of TP53-mutated AML to 10-day decitabine [85] , these molecular findings may have important therapeutic implications. The combination of ruxolitinib and decitabine, although synergistic in the laboratory [76] , has only been modestly successful in the clinic, but provides an important, well-tolerated option for the outpatient treatment of patients who may not be candidates for intensive chemotherapy [86, 87] .
Conclusions
As with other hematologic malignancies, the management of patients with MF has very much entered the molecular era. The prognostic impact of several driver and nondriver mutations is now well-established; this has obvious relevance to both patient selection for allo-HCT and posttransplant outcomes. While mutational information does not guide selection of medical therapy yet, it can be valuable for treatment planning given what is known about response to ruxolitinib and outcomes after discontinuation. Finally, as new targeted agents, e.g., IDH inhibitors [83, 84] , become increasingly available and others, e.g., splicing modulators [88] , are developed, mutational information may allow more personalized/tailored therapy for patients with MF.
